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ABSTRACT 
The purpose of this study was to develop a fracture toughness 
weldability test which would behave as a full size weldment, allow 
failure to seek out and follow the path of least resistance in the 
weld composite, and permit quantitative analysis of the results. 
This concept originated with a previously developed weldment test, 
the delta test, which had many desirable features but produced a 
strain pattern which prejudiced failure to the weld metal. Seven 
test configurations designed with these concepts in mind were in- 
vestigated to establish if one would overcome the strain pattern 
problem while retaining the desirable features of the delta test. 
Strain pattern studies were conducted first, followed by fracture 
tests to verify the specimen performance. 
A four point loaded bend test using a 437 x 228 x 25 mm 
(18 x 19 x 1 in) plate was considered first. Using rigid outer 
supports set at 432 mm (17 in) and inner supports (which were free 
to rotate) set at 150 mm (6 in), the longitudinal plastic strain in 
the specimen was found to be non-uniform, with values 40% higher at 
the inner support contact line than in the plate center. Using a 
redesigned jig with all supports free to rotate and the inner span 
set at 120 mm (4.75 in), the elastic strain varied It  and the plastic 
strain varied 10% between the center point and the inner span contact 
line. This was considered a potentially useful test. 
Six additional test configurations utilizing a 508 mm (20 in) 
square plate were considered and the elastic strain pattern of each 
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was mapped. Due to undesirable strain gradients or high load levels 
required, five of the tests were deemed unusuable. However, a test 
configuration with four post supports at the specimen corners which 
was loaded with a 114 mm (4.5 in) diameter ring produced, a large area 
of uniform strain in the center of the specimen with four corridors 
of essentially uniform strain extending to the plate edge. This 
configuration, called the ring post test, and the four point bend 
test previously mentioned were used in fracture studies to determine 
if the specimens would be sensitive to variations in toughness in 
base materials tested and in a weld composite. 
Welded and unwelded ASTM A-285 Grade B was tested using the 
original four point bend fixture. Plates were welded using 7018 and 
8018-B2 electrodes to produce low and high toughness weld deposits, 
however all of the plates tested failed near the end of the crack 
starter bead. This was attributed to the low strength base metal 
yielding before the higher strength weld metal which caused a hinging 
effect over the roller resulting in increased strain near the roller 
contact point. Thus, these studies revealed that great variations 
in strength in the weld composites greatly affect test results. 
Welded and unwelded ASTM A-543 Class 1 plates were tested in 
the redesigned four point bending jig. The plates were welded using 
9018M and 9018-B3 electrodes. The low toughness 9018-B3 welded plates 
failed in the weld at -40°C (-40°F), the 9018M welded plated failed 
» 
at -100°C (-148°F) in both the weld and base metal, and the unwelded 
plates failed at -100°C (-148°F) with a pop-in which arrested in the 
plate. Other conventional fracture tests were run to compare with 
these results. 
Ring post and four point bend tests were run on unwelded A-517E 
and A-537 Class 1 along with standard fracture tests. This series 
of tests demonstrated that, for both materials, failure occurred at 
a temperature near the drop weight NDT temperature and close to the 
temperature required for Charpy lower shelf behavior. 
The ring post and four point bend tests both appear to be 
fracture tests which are sensitive to variations in toughness in 
a weld composite. 
INTRODUCTION 
Necessity of a Weldability Test 
Over the past 25 years, there has been a concerted search on 
the part of a number of research organizations and governmental 
agencies for a fracture toughness test that can successfully be 
applied to weldments. This interest was first precipitated by the 
high incidence of catastrophic failures experienced in welded ships 
in the early 1940's and has been continued by occasional failures 
of ships and other structures ever since. Welding was and still is 
a desirable and highly efficient method of constructing a large 
variety of components and thus a prime fabrication technique for 
structures. However, in order to use fully the capabilities of 
welding, information is needed early in the planning stages to 
assist the designer in predicting the behavior of the welded joint 
during service. Such information would be provided by a suitable 
weldability test. 
A satisfactory service weldability test has been described as 
a test meeting the following requirements: (1) direct correlation 
with actual service, (2) high sensitivity to the effects of welding 
variables, (3) good reproducability, and (4) simplicity of prepa- 
ration and testing. While these requirements may seem so obvious 
that the mere detailing of them appears redundant, in actual fact, 
most weldment toughness tests fail to meet even the first require- 
ment. The few that do provide a direct correlation with actual 
service often fail to meet the last requirement. Service conditions 
for weldments are complex and difficult to reproduce in a laboratory 
specimen. Effects of section thickness, weld reinforcement, and 
residual stress are seldom incorporated in a laboratory test speci- 
men. Furthermore, the qualitative nature of the data obtained from 
most weldment toughness tests is of limited utility to the designer 
attempting to correlate test results with the performance of a 
welded design. The magnitude of this problem was demonstrated by 
Johnson, et al., in a comparison of the ductile-brittle transition 
temperature of two ship plate steels as determined by six different 
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testing methods.  Figure 1 shows the results of this comparison. 
Disparities of 67°C (120°F) in the ductile-brittle transition tem- 
perature of one heat of steel were observed in this comparison, 
placing the designer in a quandry over which test is correct, and 
what temperature to use as a service limitation. Interest in the 
last five years has turned from transition temperature type tests to 
tests using fracture toughness concepts as a base. While testing of 
welded joints using linear elastic fracture mechanics concepts pro- 
vides reliable quantitative data which correlates directly with 
service, the specimens are not simple to prepare and test, and are 
significantly more expensive than other tests which have been 
accepted in the past. 
Limitations of Existing Tests 
A compilation of weldment evaluation methods was done by Vagi, 
et al., in 1968, detailing 92 different tests used to ascertain how 
3 
a weld will perform in service.  In that structures are designed 
on the basis of tensile strength limitations, the tensile test has 
historically been a popular service weldability test. The welded 
joint is not a homogeneous structure and various zones in the joint 
have unique mechanical properties as well as different metallurgical 
characteristics. To overcome this difficulty, a test to select 
the weakest area, the transverse weld tensile test, is used to 
define the yield and ultimate tensile strength of the welded joint. 
Unfortunately, the transverse weld tensile test gives little infor- 
mation on the ductility of the weldment as the variation in mechani- 
cal properties along the gage length often precludes any meaningful 
determination of elongation. For example, a heat affected zone with 
wery  limited ductility would be masked by a ductile weld metal in the 
transverse weld tension test since necking and failure would occur in 
the weld metal. This limitation was largely overcome by using the 
guided bend test in conjunction with the transverse weld tension 
test. This test forces the entire joint to elongate a predetermined 
amount providing a reliable and economical means of evaluating the 
minimum ductility of a joint. Because these two tests provide a 
rational means of evaluating the strength and ductility of a weld- 
ment, they are required by most codes for welding procedure quali- 
4 5 fication. ' 
In spite of their popularity, neither the transverse weld 
tension test or guided bend test provide any information on the 
toughness of the welded joint. Numerous toughness tests for weld- 
ments have been proposed, and research in this area has been con- 
ducted along two basic lines. The first approach has been to make 
small specimens, i.e., the Charpy impact specimen, and locate a 
notch or crack in these specimens in one of the suspected criti- 
cal zones such as the weld metal or heat affected zone. A vast 
majority of the test specimens developed for weldments follow this 
philosophy of predetermining the failure location by placing a 
crack or notch in the area of interest. This approach samples only 
one zone per specimen, possibly the critical zone, but it does not 
permit determination of how the weldment as a whole will behave. 
Furthermore, a small specimen cannot duplicate weld restraint 
effects. The Charpy V-notch impact test, Naval Research Laboratory 
drop weight nil ductility transition test, Battelle drop weight tear 
test, as well as the compact tension and side bend fracture tough- 
ness tests are all the result of this approach to weldment evaluation. 
The limitations of using a small specimen to test one zone of a 
welded joint led to the development of the explosion bulge test, 
which was designed to test the composite weldment. The explosion 
bulge test consists of a 508 mm (20 in) square plate, 25 mm (1 in) 
thick, welded or unwelded, which is placed upon a circular support 
die. The plate is loaded by detonating a seven pound explosive 
charge which is located 318 mm (15 in) above the plate surface. 
Figure 2 gives a graphical representation of the explosion bulge 
test. Unfortunately, few laboratories are equipped to conduct the 
explosion bulge test and the expense of this test as well as its 
severity make it unrealistic for many engineering applications. 
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The delta test was developed in 1967 as a test for a composite 
weldment which would overcome some of the limitations of the 
explosion bulge test.  This test used a 24 inch triangular speci- 
men of full plate thickness with three welds. The plate was 
supported on the three corners and was centrally loaded with a 
4" diameter sphere. Figure 3 shows a schematic representation of 
the delta specimen. Initially, the delta test was designed to allow 
fracture to follow the path of least resistance, whether it was in 
the heat affected zone, base plate, or weld metal. Welded plate 
tests conducted using the delta configuration did demonstrate the 
sensitivity of the test to welding procedure variables. Base metal, 
heat affected zone and weld metal failures were generated with the 
delta test using various combinations of base metal, weld metal, 
heat input, and preheat. Furthermore, the test results were con- 
sistent with the specimen behavior predicted from Charpy impact and 
drop weight test results. However, a subsequent investigation deter- 
mined that the strain field distribution in the delta specimen 
favored crack propagation along the weld metal and deterred crack 
propagation into the base metal. 
Goals and Experimental Approach 
The purpose of this investigation was to devise a test specimen 
which would overcome the problem of the preferential strain distri- 
bution found in the delta specimen as well as eliminate the elaborate 
testing procedure necessary for the explosion bulge test. Several 
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specimens, each some modification of the delta test concept, were 
evaluated to determine whether or not they would produce a stress 
system which would allow fracture to seek out the most susceptible 
region of a weldment and permit a quantitative evaluation of the 
fracture resistance of the welded joint. The primary objective 
was to develop a simple, fracture mechanics oriented test for 
welded joints which would eliminate the shortcomings of existing 
test configurations. To accomplish this, the strain field dis- 
tribution of each specimen considered was documented to determine 
the uniformity of the strain field and subsequent proof tests were 
conducted on welded and unwelded plates to confirm that the behavior 
of the specimen was as predicted by the strain field distribution. 
Initially, three test specimens were proposed as viable con- 
figurations which might produce a strain field sufficiently uniform 
to allow fracture to occur in the zone with the lowest toughness. 
However, as work progressed, it appeared prudent to modify the 
three initial test configurations and a total of seven test con- 
figurations were explored as possible candidates for this test. 
Each configuration considered was first evaluated on the basis of 
the strain pattern produced. If the strain pattern was found to be 
sufficiently uniform, plates of various compositions were tested in 
the unwelded and welded conditions using appropriate welding pro- 
cedures to evaluate the sensitivity of the test to procedure 
variables. 
STRAIN PATTERN DOCUMENTATION 
Original Four Point Bend Specimen 
The first test studied, a four point loaded bend test was, in 
many respects, the most simple of all specimens considered. A 
rectangular plate, 457 mm x 228 mm x 25 mm (18 in x 9 in x 1 in) 
was chosen for the initial study. The specimen width was selected 
at nine times the specimen thickness in order to assure that a 2:1 
biaxial stress would be developed in the center of the plate. In- 
vestigators at the University of Syracuse have shown that a width 
to thickness ratio of 6:1 or greater must be maintained to create 
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enough restraint to develop a 2:1 biaxial stress state.  A bending 
jig was designed and built such that the plate was bent over a 
432 mm (17 in) outer span and a 152 mm (6 in) inner span. Details 
of this bending jig are shown in Figure 4. 
For this test configuration, the through thickness weld to be 
tested was deposited along the transverse center!ine and a subse- 
quent brittle crack starter bead was deposited along the longitudi- 
nal centerline using a Hardex-N electrode. The function of this 
bead was to craze as the plate was deformed, producing a number 
of random cracks of known length to initiate fracture in the most 
susceptible part of the weldment. Figure 5 shows an isometric repre- 
sentation of the welded test plate. The first step in this study 
was to instrument a plate without fabrication or crack starter 
welds with strain gages and record the strains as the specimen was 
deformed. 
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Experimental Procedure 
A 25 mm (1 in) thick specimen of ASTM A-285 Grade B steel 
plate was machined to size and then stress relieved at 620°C (1150°F) 
for two hours to remove any residual stresses which may have affected 
the validity of the strain gage readings. The plate was then 
lightly ground on both sides to insure flatness and uniform contact 
of the bending jig rollers. The final thickness of the plate was 
24.5 mm (0.98 in). Seventeen biaxial, room temperature, paper 
backed strain gages with a 10 mm (0.394 in) gage length were 
oriented in the longitudinal and transverse directions on the sur- 
face of the plate. Gages were located on the longitudinal and 
transverse centerlines and at regular intervals away from the 
centerlines. The area studied was the central 152 mm (6 in), the 
region inside the inner load lines. Four fold symmetry was assumed 
and one quadrant was heavily gaged, however, redundant check gages 
were placed in each of the other quadrants and on the opposite 
centerlines to check the accuracy of the data. Figure 6 shows the 
location of the strain gages on the surface of the four point bend 
specimen. 
The instrumented test plate and bending jig were mounted in a 
433kN (120,000 lb) capacity Baldwin universal hydraulic testing 
machine with the strain gages placed on the tension side of the 
plate. The test plate was loaded incrementally, and after each 
increase in load, the load was held constant while the strains were 
read and recorded manually. A Budd strain gage indicator was used 
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to read the strains. Since failure was expected to occur after 
yielding, only strains in the plastic region were recorded. 
Results 
A load deflection curve showed essentially linear be- 
havior up to a load of 88.8 kN (20,000 lb) with extensive yielding 
occurring from this point onward. The specimen strain was re- 
corded at two loads, 111.2 kN (25,000 lb) and 155.7 kN (35,000 lb). 
Attempts to increase the load beyond 155.7 kN (35,000 lb) resulted 
in strain gage failure. Longitudinal strains along the longitudinal 
and transverse centerlines at 155.7 kN (35,000 lb) are shown in 
Figure 7 and 8 respectively and the corresponding transverse strains 
at the same load are shown in Figures 9 and 10. The center point 
deflection of the test specimen at 155.7 kN (35,000 lb) was 35.5 mm 
(1.40 in). The profile of the strain contour at 111.2 kN (25,000 lb) 
was essentially the same as the profile at 155.7 kN (35,000 lb). 
Discussion 
As can be seen from Figures 7 through 10, the strain within 
the inner span was not uniform. The maximum longitudinal strain 
occurred at the specimen edge and over the inner roller contact 
point. The difference between the center of the specimen, which 
exhibited minimum strain within the inner span, and the maximum 
strain points was approximately 30%. The transverse strain was 
lower than the longitudinal strain, being approximately 40% of the 
longitudinal strain at the plate edge. At the center of the specimen, 
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the transverse strain was only 18% of the longitudinal strain due 
to the constraint of the plate width. Also, the transverse strain 
was higher near the inner roller contact lines. The results of the 
non-uniform strain patterns were evident in preliminary fracture 
tests, which are detailed in another section of this document. 
Effect of Inner Support Span Distance 
In an effort to produce more uniform surface strains, modifi- 
cations were made on the test jig geometry. The inner roller spans 
were altered to allow setting the supports at 150 mm, 120 mm, and 
90 mm (6 in, 4.75 in, 3.5 in). A second ASTM A-285 Grade B plate 
was machined, stress relieved, ground flat, and instrumented to 
map the strain contours. The test plate was loaded into the 
elastic region at each of the three inner roller settings and the 
strain contours recorded at each setting. On the basis of these 
tests, it was determined that, in the elastic range, the strain 
pattern was non-uniform at all three inner support settings. The 
variation in elastic longitudinal strain along the longitudinal 
centerline at 53 kN (12,000 lb) load for the three inner roller 
settings is shown in Figure 11 along with the strain for each 
roller setting as predicted by elementary plate theory. At each 
roller setting, the longitudinal elastic strains were highest in the 
center of the plate and decreased away from the centerpoint along 
the longitudinal centerline. The longitudinal strain in the center 
of the plate exceeded that 75 mm (3 in) away along the longitudinal 
centerline by 45% at the 90 mm (3.5 in) roller setting, 27% at the 
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120 mm (4.75 in) roller setting, and by 40% at the 150 mm (6 in) 
roller setting. 
Of the three inner roller settings considered, the one which 
produced the most uniform strain was the 120 mm (4.75 in) setting, 
therefore, that setting was used to check the plastic strain dis- 
tribution. As the load was increased to 66 kN (15,000 lb) the 
central portion of the plate experienced yielding. Yield stress 
for this plate of ASTM A-285 Grade B was approximately 207 MPa 
(30 Ksi) and thus the yield strain was about 1000 x 10" mm/mm. 
The strain profile along the longitudinal centerline at 66 kN 
(15,000 lb) is shown in Figure 12. With further loading, the 
plate deformed extensively and for a specimen load of 11.3 kN 
(25,000 lb) the strain profile along the longitudinal centerline 
is shown in Figure 13. By comparing Figures 11, 12, and 13, it 
is evident that the strain gradient reversed as the specimen was 
loaded from the elastic region into the plastic region. The 
difference in strain between the center of the plate and a 
point three inches away along the longitudinal centerline,was in 
the plastic region,approximately 8%  for the 120 mm (4.75 in) inner 
span. This was significantly better than the 30% gradient re- 
corded with the 150 mm (6 in) inner span setting. Further 
loading of the specimen up to 133.5 kN (30,000 lb) resulted in 
strain gage failure. 
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Modified Four Point Bend Test 
In as much as the results obtained from strain distribution 
studies done on ASTM A-285 Grade B plate did not give results 
consistent with basic strength of materials concepts, a review was 
made of the testing method, bending jig design, and the material 
choice for the instrumented plate. Several changes were instituted 
to insure the strain pattern produced was truly the intrinsic strain 
pattern of a 25 mm (1 in) thick plate in pure bending and a third 
plate was prepared for testing. 
Experimental Procedure 
Previously, the test plate was stress relieved at 620°C 
(1150°F) for two hours, then furnace cooled prior to grinding on 
both sides for flatness. The new test plate was stress relieved 
at 575°C (1065°F) for two hours, furnace cooled, both sides ground 
flat, stress relieved again for two hours at 575°C (1065°F), furnace 
cooled, then surface ground on both sides to insure flatness. As a 
final operation, the flatness of the plate was verified quanti- 
tatively. This check indicated the plate was bowed .25 mm (0.010 in) 
along the longitudinal axis but was flat to within 0.012 mm 
(0.0005 in) along the transverse axis. The departure from flatness 
along the longitudinal axis was not significant as the bowing was 
symmetrical about the transverse centerline and would not result in 
non-uniform contact of the support rollers. 
The test jig used for loading the previous specimens is detailed 
in Figure 4. The center supports were 60 mm (2.375 in) diameter AISI 
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1020 steel rollers on a 25 mm (1 in) diameter shaft, and the outer 
loading contacts were rigid bars with a 13 mm (0.5 in) radius machined 
at the contact point. The outer contacts were not free to rotate, 
thus inducing additional longitudinal strain from the friction be- 
tween contact point and the plate. This effect was verified during 
fracture tests which are detailed later in this report. To achieve a 
situation closer to pure bending, the testing jig was redesigned with 
75 mm (2.9 in) diameter solid rollers made from AISI 4340 steel, heat 
treated to approximately 1240 MPa (180 Ksi) yield strength. The rol- 
lers were ground on centers to insure flatness and concentricity, then 
mounted in the jig using lubricated bronze bushings. The center sup- 
ports were also redesigned using the same configuration. Details of 
the redesigned bending jig are shown in Figure 14. 
The material used for the first instrumented specimen was 25 mm 
(1 in) thick ASTM A-285 Grade B with a yield strength of 199.2 MPa 
(28.9 Ksi) and a tensile strength of 415 MPa (60.2 Ksi). With this 
material, plastic yielding occurred at a strain level of approxi- 
mately 0.001 mm/mm. In order to obtain more data in the elastic 
region, 25 mm (1 in) thick ASTM A-543 Class 1 plate was used for 
the strain gaged specimen. The material used had a yield strength of 
606 MPa (88 Ksi) and a tensile strength of 751 MPa (109 Ksi) which 
would allow plastic yielding to occur at 0.003 mm/mm strain. The 
strain gages used on earlier specimens had a gage length of 10 mm 
(0.394 in) which indicated the average strain within a 10 mm length. 
The strain gages used on the revised specimen had a gage length of 
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7 mm (0.28 in) to detect more local strain variations. Twenty strain 
gages were oriented in the longitudinal direction only. The longi- 
tudinal strain was of greatest interest because failure in this 
type specimen is primarily controlled by the longitudinal strain. 
Orientation of the strain gages on the plate is shown in Figure 15. 
Again, only one quadrant of the plate was gaged extensively and check 
gages were placed in each of the other quadrants to verify that the 
strain pattern was symmetrical. The maximum difference observed 
between any of the check gages was 3.2%. 
Alignment of the fixture was set to insure that the rollers were 
parallel within 0.03 mm per meter (0.004 inches per foot). Uniformity 
of contact was verified by placing five lead wires between each 
roller and the plate surface, loading the assembly to a nominal load 
of 2.2 kN (500 lb), then measuring the thickness of the deformed 
wires. When all wires measured with 0.05 mm (0.002 in) of each other, 
the alignment was considered sufficiently precise to assume uniform 
contact. 
Testing was done using a 533 Kn (120,000 lb) capacity Tinius- 
Olsen mechanical universal testing machine which allowed more pre- 
cise maintenance of the desired load while the strain gages were 
being read. Strain readings were recorded at 44.4 kN (10,000 lb) 
intervals through the elastic region and at 22.2 kN (5,000 lb) 
intervals in the plastic range, up to a maximum of 311.3 kN 
(70,000 lb). The output of all strain gages was fed into a digital 
electronic data acquisition system which read the gages and re- 
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corded the output on printed paper and punched paper tape. The 
printed output was used for visual observation of the strain data 
during testing. The punched tape was used as input for Condriv, a 
computer program on file at Lehigh University, which analyzed the 
data and plotted the strain contours for one quadrant. Condriv 
read the data, then plotted prescribed contour levels after evalu- 
ating each data point and the effect of its eight nearest neighbors. 
The effect of the nearest neighbor data points was weighted on its 
distance from the data point being evaluated. 
Results and Discussion 
The strain contours plotted for one quadrant are shown in 
Figures 16 through 24. The horizontal axis on the plot corresponds 
to the transverse centerline and the vertical axis corresponds to 
the longitudinal centerline. Figure 25 shows the variation in strain 
along the longitudinal centerline at several loads in the elastic 
region along with a strain value calculated using conventional 
strength of materials principles. Figure 26 shows the variation of 
strain along the longitudinal centerline at two loads in the plastic 
region. All of these figures show that the elastic strain was lowest 
in the center of plate and become progressively higher away from the 
center point in either the transverse or longitudinal direction. In 
the plastic region, the strain gradient was more pronounced and the 
point of minimum strain was no longer at the center point. The 
strain gradient observed was probably the result of the contact of 
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the inner support roller with the test plate creating a strain con- 
centration near the support point. At the transverse centerline, 
the effect was minimal, but closer to the contact line, an increase 
in strain was recorded. However, the elastic strain profile ob- 
served with the redesigned bending fixture was reversed from that 
observed with the original fixture design. The fact that the 
strain in the elastic region was highest in the center of the plate 
when rigid outer supports were employed was attributed to the addi- 
tional lateral strain generated from the friction between the plate 
surface and the outer supports. 
Although the strain produced using the redesigned bending jig 
was not uniform, the gradient was small along the longitudinal 
centerline: approximately 7% in the elastic region and 10% in the 
plastic region. The strain gradient was much more pronounced along 
the transverse centerline: as much as 30% in the plastic range. The 
strain gradient observed along the longitudinal centerline at a 
120 mm (4.75 in) inner roller setting was not considered detri- 
mental to the performance of the test since the gradient in mechanical 
properties observed in a welded joint often exceeds 10%. However, 
the increasing the strain gradient along the transverse axis was 
more significant. A crack which initiated in the crack starter weld 
at the center of the plate would encounter an increasing strain field 
as it propagated toward the edge of the plate. This would make arrest 
of running crack unlikely. The strain field would tend to accelerate 
a running crack rather than arrest it. Also significant was the 
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possibility that a discontinuity at the specimen edge would reach 
a critical stress before the cracks from the crack starter weld in 
the center of plate, initiating failure at the plate edge. In 
spite of these limitations, the rectangular four point loaded bend 
test specimen was considered a viable candidate for a weldment 
fracture toughness test specimen. 
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Ring Post Test 
Experimental Procedure 
Six additional test configurations were evaluated using 
457 mm x 457 mm x 25 mm thick (18 in x 18 in x 1 in thick) test 
specimen. The test configurations were designed to produce either 
a uniform 1:1 biaxial strain field or, corridors of uniform strain 
which would include the weld metal, heat affected zone, and base 
metal. Details of the six different test configurations are 
shown in Figures 27 through 32. The test specimen was designed 
to have a through thickness fabrication weld deposited along a 
center!ine with a 51 mm (2 in) diameter pad of Hardex-N crack 
starter weld deposited in the center of the plate. Figure 33 shows 
the orientation of the fabrication test weld on the plate with the 
Hardex-N crack starter pad. 
An unwelded ASTM A543 Class 1 plate was prepared for instru- 
mentation using the same material and procedure as was used for 
the final instrumented four point bend specimen. The flatness 
check indicated the plate was bowed a maximum of 0.15 mm (0.006 in) 
using the center point as a datum. This departure from flatness 
was compensated for by placing steel shims under the contact 
points to insure uniform contact within 0.05 mm (0.002 in). The 
strain gages used were paper backed gages with a gage length of 7 mm 
(0.28 in). Thirty-four gages were oriented to measure strain radial 
to the center point as well as strain tangential to the radial lines. 
Eight fold symmetry was assumed and although only one octant was gaged 
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extensively with radial gages and one with tangential gages, redun- 
dant check gages were placed in other octants and on the centerlines 
to confirm that the .assumption of eight fold symmetry was valid. The 
maximum difference observed between any of the check gages was 3.6%. 
The location of the strain gages on the plate is shown in Figure 34. 
Results 
Data was gathered on each of the six different variations of 
the test at increasing 44 kN (10,000 lb) load intervals up to just 
below the yield point of the test plate. The strain gages were read 
using a digital data acquisition system and the strain maps were 
subsequently plotted for one half of the plate using Condriv, a com- 
puter program on file at Lehigh University. Configuration 3 appeared 
to provide the most desirable strain pattern, therefore, that con- 
figuration was used to load the plate into the plastic region and 
obtain plastic strain data. Figures 35 through 52 show tangential 
and radial strain maps at one load in the elastic region for each 
configuration. Maps at four loads, two elastic and two plastic, 
for both tangential and radial strains are given for configuration 3. 
Discussion 
Configuration 1, four point support with a single center- 
point ram, produced four corridors of strain but the strain gradient 
decreased rapidly away from the centerpoint. Configuration 2, four 
point support with a four point ram, produced four corridors of 
strain which increased from the centerpoint to the edge of the plate. 
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Configuration 3, four point support with a 114 mm (4.5 in) diameter 
circular ram, produced four corridors of relatively uniform strain 
with a 101 mm (4 in) diameter zone of uniform strain in the center. 
Configuration 4, four point support with a 167 mm (6.6 in) diameter 
ram, produced four corridors of strain which increased from the 
centerpoint to the plate edge. Configuration 5, having a 406 mm 
(16 in) diameter support with a 114 mm (4.5 in) diameter ram, and 
configuration 6, having a 406 mm (16 in) diameter support with a 
167 mm (6.6 in) diameter ram both produced sizable uniform strain 
fields, but the load required to produce a unit of strain was ex- 
cessively high. The load required to produce yielding in a 25 mm 
(1 in) thick 551 MPa (80 Ksi) yield strength plate for each of the 
six configurations was as follows: 
Configuration 1 - 175 kN (39,300 lb) 
Configuration 2 - 374 kN (84,100 lb) 
Configuration 3 - 341 kN (76,700 lb) 
Configuration 4 - 384 kN (86,200 lb) 
Configuration 5 - 539 kN (121,200 lb) 
Configuration 6 - 770 kN (173,100 lb) 
It is evident that configurations 5 and 6 are definitely not suitable 
for testing with a 553 kN (120,000 lb) capacity testing machine and 
configurations 2 and 4 would be usable only with low strength mate- 
rials. The sharply decreasing strain gradient observed with con- 
figuration 1 would not allow a running crack to progress to the plate 
edge and might influence test results adversely. Configuration 3, 
hereafter identified as the ring post test, produced four corridors 
of essentially uniform strain in both the elastic and plastic regions 
with a large uniform strain area in the specimen center, both desir- 
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able test characteristics. At a load of 533 kN (120,000 lb), well 
into the plastic strain range, a &%  decreasing strain gradient was 
observed within the uniform strain corridor from the centerpoint 
to the edge of the plate. 
All of these configurations produced a complex strain pattern 
involving both longitudinal and transverse strains. However, it was 
observed that the tangential strain component would be the primary 
influence propagating the crack. 
Strain pattern mapping of the prospective test configurations 
was concluded at this point. Two of the test specimens studied were 
found to produce a strain pattern which appeared usable for fracture 
toughness testing of weldments. The four point bend test and the 
ring post test both generated a strain pattern which was suffi- 
ciently uniform to allow fracture to initiate and propagate in the 
zone of a weldment having the lowest toughness. The next step was 
to verify the behavior of these specimens by actual tests on weldments 
with proven fracture behavior. 
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FRACTURE TEST BEHAVIOR 
Materials and Specimen Preparation 
Four different steels were used to evaluate the performance of 
the test; ASTM A-285 Grade B (as rolled), ASTM A-537 Class 1 
(normalized), ASTM A-517-E (quenched and tempered), and A 543 Class 1 
(quenched and tempered). The chemical composition of the steels 
used is given in Table 1 and the mechanical properties given in 
Table 2. These plates were tested in the welded and unwelded con- 
ditions. The manual shielded metal arc welding process was used 
with electrodes conforming to AWS E-7018, E-8018-B2, E-9018-M, and 
E-9018-B3. The typical chemical composition for deposited weld 
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metal with each of these electrodes is given in Table 3.  Figure 53 
details the welding joint preparation and welding procedure used 
throughout this investigation for manual shielded metal arc welding 
of the fabrication test welds. 
For each rectangular four point bend specimen tested, a brittle 
crack starter bead of Hardex-N weld metal was deposited on the longi- 
tudinal centerline of the plate spanning the transverse weld. For 
each square ring-post specimen tested, a 51 mm (2 in) diameter patch 
of Hardex-N crack starter weld metal was deposited in the center of 
the plate. This patch was deposited by welding concentric circles 
until the desired diameter was obtained. The outside weld was de- 
posited last, leaving the outside diameter of the Hardex pad untem- 
pered. A hardness profile along the circular crack starter pad is 
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shown in Figure 54. The crack starter weld was ground slightly to 
remove the weld ripples in both the four point bend and ring-post 
tests to prevent a crack from preferentially starting at a discon- 
tinuity in the surface of the crack starter weld. 
Experimental Procedure 
The temperature of the test specimen was controlled by placing 
the specimen in a bath of either methyl alcohol or 2 methyl-butane, 
depending on the temperature desired. The temperature of the bath 
was lowered by adding liquid nitrogen and the bath was agitated at 
all times. After the desired temperature was obtained, the test 
specimen was held in the bath for an additional fifteen minutes 
before being tested. The specimens were set into the fixture and 
tested quickly to minimize any temperature change which might occur. 
Testing was done using a cross head speed maintained at 25 mm/min 
(1 in/min). A plot of the applied load versus cross head deflection 
was recorded autographically for each test. 
Four Point Bend Tests 
A-285 Grade B - Original Bending Jig 
A series of tests was prepared using 25 mm (1 in) thick 
ASTM A-285 Grade B plate. This material is an as rolled carbon steel 
having a ductile-brittle transition convenient for testing. The steel 
was tested in three conditions: (1) unwelded plate; (2) welded using 
7018 weld metal as deposited; and (3) welded with 8018-B2 weld metal 
as deposited. The purpose of these three groups was to create three 
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different toughness combinations. The ASTM A-285 Grade B welded 
with 8018-B2 was to give a low toughness weld deposit in a moderate 
toughness plate. As testing temperatures are lowered, this plate 
should fail in the weld metal before plate failures are experi- 
enced. The ASTM A-285 Grade B welded with 7018 should give a 
moderately tough weld deposit in a moderate toughness plate. As 
testing temperatures are lowered, this combination may experience 
failure in either the plate or weld, but at a lower temperature 
than the plate welded with 8018-B2. The plain plate group should 
serve as a control on the other two groups. A 90 mm (3.5 in) long 
Hardex-N crack starter bead was applied along the longitudinal cen- 
terline of the plate. For the welded plates, the surface of the 
transverse fabrication weld was ground flush to the plate surface 
along the longitudinal center!ine so that the Hardex-N deposit was 
level along the plate. The reinforcement was otherwise left 
undisturbed in the fabrication test weld. 
This series was tested using the original four point bending jig 
as detailed in Figure 4, with the inner rollers set at a 150 mm (6 in) 
span. The results of these tests are seen in Table 4. Contrary to 
expectations, no weld failures were experienced at all. In the 
welded series, only plate failures were produced, and those at some 
distance from the weld. Moreover, the failure of the unwelded plates 
(crack starter bead only) was identical to that of the welded plates. 
When the fractured plates were examined, and as may be seen in 
Table 4, the failure occurred near the end of the crack starter 
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bead, about 32 mm (1.25 in) away from the transverse center"!ine 
of the specimen. Examination of the crack starter bead revealed 
numerous hairline cracks, except over the transverse fabrication 
weld. One unwelded plate was tested with a 215 mm (8.5 in) long 
crack starter weld to determine what effect the length of the crack 
starter weld had on the failure location. This plate failed 76 mm 
(3 in) from the transverse center line, directly over the inner 
span support rollers. 
The tendency of this test series to produce only plate failures 
was assumed to result from the strain pattern in the specimen. The 
regions nearest the rollers experienced the highest strain, and as a 
result, the failures occurred at the extremities of the crack starter 
bead, not in its center. Thus, weld failures are unlikely with this 
test configuration as the higher strains in the specimen near the 
rollers made this the most susceptible region to failure. The 
validity of this assumption was confirmed by the tests done on the 
unwelded plates. When a 90 mm (3.5 in) long Hardex-N bead was used, 
the plate did not fail until a testing temperature of -40°C (-40°F) 
was reached. However, when 215 mm (8.5 in) long crack starter 
bead was employed, failure occurred at -29°C (-20°F). Because the 
bead extended over the rollers, the high strains in that area acted 
to craze the Hardex-N bead and cause failure while the specimen 
center, at a lower strain, had not reached its failure point. 
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Inner Support Span Modifications 
The center supports were moved to a 120 mm (4.75 in) 
center distance in an effort to produce a more uniform strain field. 
A second series of ASTM A-285 Grade B test plates were prepared; 
five unwelded, three welded with 7018 electrodes, and one welded 
with 8018-B2 electrodes. Three of the unwelded plates were tested 
using the same procedure as the previous series of tests, while two 
unwelded and four welded plates were tested with teflon strips placed 
under the outer span contact points as a lubricant. This was done to 
determine what effect the friction between the outer contact points 
and the plate had on specimen behavior. Results of this test 
series using the 120 mm (4.75 in) center support setting are shown 
in Table 5. 
Unwelded plates tested without teflon lubricant did not fracture 
at -7°C (+10°F) but did fracture at -18°C (0°F). The failure loca- 
tion was 12 mm (0.5 in) from the transverse centerline. This tem- 
perature was 22°C (40°F) higher than the temperature required to 
produce fracture with the center supports set at 150 mm (6 in). 
This result could be interpreted to mean that a relatively high 
plastic strain in conjunction with a crack starter notch was needed 
to produce brittle fracture in ASTM A-285 Grade B at 7°C (+10°F). 
With the wider center support setting, the strain over the rollers 
was quite high while the strain around the crack starter was much 
lower. When the strain over the rollers reached a sufficiently high 
value, yielding occurred, and a plastic hinge formed there precluding 
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any further increase in strain at the specimen center. The speci- 
men would not experience failure by fracture but rather a ductile 
yielding failure. When the shorter span was used, the strain con- 
centrated more in the specimen center and thus a critical strain 
level was reached along the Hardex bead before hinging took place 
over the rollers and fast fracture did occur. 
Effect of Outer Support Friction 
Unwelded plates tested with teflon lubricant under the 
outer span contact points did not fracture at -18°C (0°F), but did 
fracture at -23°C (-10°F). Thus, the addition of a 0.08 mm (0.003 in) 
thick layer of teflon under the outer contact points caused a 5°C 
(10°F) shift in the temperature at which brittle fracture first 
occurred. The same effect was seen in the welded specimens tested. 
The addition of a layer of teflon 0.08 mm (0.003 in) thick caused a 
5°C (10°F) shift in the temperature at which brittle fracture first 
occurrred and a layer of teflon 0.25 mm (0.01 in) thick caused an 
11°C (20°F) shift in the fracture temperature. By reducing the 
friction between the test plate and the outer contact points, the 
plate was free to slip under the contact, reducing the longitudinal 
strain. If the friction were totally eliminated, the plate would 
then undergo pure bending and not a combination of bending and 
tension. Drop weight NDT tests were done on ASTM A-285 Grade B 
in conjunction with this series using P-l size specimens. The NDT 
temperature was determined to be -1°C (+30°F) which was 17°C (30°F) 
higher than the temperature at which fracture was observed in the 
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four point bending test. 
The failure locations observed while testing the unwelded 
specimens at the 120 mm (4.75 in) inner roller setting varied from 
failures on the transverse center!ine to failures 12 mm (0.5 in) 
away from the transverse centerline. This is in contrast to the 
unwelded tests conducted using a 150 mm (6.0 in) center span 
distance where failure consistently occurred 32 mm (1.25 in) from 
the transverse centerline. This indicated that the strain pattern 
was more uniform and failure could occur in a weld deposited along 
the transverse centerline. However, all of the welded test plates 
failed at the end of the crack starter approximately 37 mm (1.5 in) 
away from the transverse centerline. Also, no cracks were observed 
in the Hardex-N crack starter bead over the transverse fabrication 
weld. 
Discussion 
The fact that none of the welded plates tested failed 
in the weld metal or heat affected zone was of some concern. The 
strain gradient in the specimen was not considered a significant 
factor since, with the inner support set on 120 mm (4.75 in) 
centers,the strain distribution varied only 4% along the 90 mm 
(3.5 in) length in which the Hardex-N cracks starter bead was 
deposited. This suggested several possibilities, one of which was 
that, in every welded plate tested, the weld metal and heat affected 
zone had a higher toughness than the base metal. Although this may 
have been so, a more plausible explanation for the lack of weld 
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metal or heat affected zone failures was the disparity in strength 
levels between the plate and the weld metal. The yield strength of 
the filler metal used was nominally twice the yield strength of the 
ASTM A-285 Grade B base metal. This disparity caused higher strain 
levels to develop in the base metal than in the weld metal, allowing 
plastic flow in the base plate while the weld was yet elastic. 
To eliminate both this problem and the effect of outer span 
contact friction, higher strength base plates with filler metal more 
closely matched in mechanical properties were used in subsequent 
tests and the redesigned test jig mentioned previously was employed. 
This jig, shown in Figure 13, insured pure bending in the specimen 
and the more uniform strain patterns shown in Figures 16 - 24. 
A-543 Class 1 - Redesigned Bending Jig 
ASTM A-543 Class 1, 25 mm (1 in) thick base plate welded 
with AWS E-9018-M and E-9018-B3 electrodes were chosen as tough and 
brittle weld metal combinations, respectively. This combination 
would give comparable mechanical properties between the base plate, 
weld metal, and heat affected zone, and still permit the weld metal 
toughness to be varied. The fracture characteristics of a total of 
four different fabrication situations were determined; unwelded 
ASTM A-543 Class 1, ASTM A-543 Class 1 welded with a brittle weld 
metal (9018-B3),ASTM A-543 Class 1 welded with a tough weld metal 
(9018-M) with a post weld heat treatment, and ASTM A-543 Class 1 
welded with a tough weld metal (9018-M) without post weld heat 
treatment. The post weld heat treatment used entailed heating the 
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weldment at approximately 100°C (180°F) per hour to 610°C (1130°F), 
holding for two hours, then cooling to room temperature at approxi- 
mately 200°C (360°F) per hour. 
Results 
The results of these tests are given in Table 6. The 
unwelded specimens required a temperature below -100°C (-148°F) to 
produce full failure. A pop-in, which arrested in the plate, 
occurred at -100°C (-148°F) while full failure occurred at -120°C 
(-184°F). The specimen welded with the brittle weld metal, 9018-B3, 
failed at the highest temperature, that being -40°C (-40°F). The 
plates welded with the tough weld metal failed at -100°C (-148°F) 
regardless of whether or not the weldment had been post weld heat 
treated. Failures in the unwelded plate occurred 12.7 mm (0.5 in), 
19.0 mm (0.75 in) and to 40.6 mm (1.6 in) from the transverse 
centerline. All of the specimens welded with 9018-B3, the brittle 
weld metal, failed in the weld on the transverse centerline of the 
plate. At -100°C (-148°F) and -110°C (-166°F) the plates welded 
with the tough 9018-M weld metal which were post weld heat treated 
failed in the base metal, 28 mm (1.1 in) away from the transverse 
centerline and approximately 15 mm (0.6 in) away from the fusion 
line. However, a third plate welded with the tough weld metal 
then post weld heat treated was tested at -120°C (-184°F) and fail- 
ure occurred in the weld metal on the transverse centerline. At 
-100°C (-148°F) the plate welded with the tough weld metal which 
was not post weld heat treated failed on the transverse centerline 
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in the weld metal. 
Discussion 
Examination of the fracture surface produced in testing 
the first plate welded with 9018-B3 indicated that the fracture did 
not initiate at the Hardex-N crack starter bead. Failure initiated 
at a 3 mm (.12 in) long slag inclusion in the fabrication weld at 
the edge of the plate. The fact that this small inclusion initiated 
failure rather than the longer Hardex-N cracks was rationalized by 
considering the strain patterns previously mapped. The strain near 
the edge of the plate was approximately 30% higher than in the center 
of the plate along the Hardex-N bead. This problem was eliminated in 
subsequent tests by grinding a 6 mm (.25 in) radius on the edge of 
the plate in the weld area. 
Comparison with Standard Fracture Tests 
These results indicated that the four point bending 
configuration was sensitive to changes in toughness and did tend to 
propagate the fracture in the area with the lowest toughness. In an 
effort to determine how the four point bend test results correlated 
with other popular fracture tests, Charpy V-notch tests, drop weight 
NDT tests and compact tension fracture toughness tests were run on 
the ASTM A-543 Class 1 plate along with Charpy V-notch tests on the 
weld metal. The results of Charpy tests are shown in Figures 55 
through 61 and the temperature at which full fracture occurred 
during the four point bend test is also shown for each test plate 
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condition on the respective figure. The unwelded A-543 Class 1 
failed at - 120°C (-184°F) which corresponded to a Charpy ab- 
sorbed energy of 88 Joules (65 ft-lbs), a lateral expansion of 
1.25 mm (50 mils), and 35% fiberous fracture appearance. The 
as-welded 9018-M weld failed at -100°C (-148°F) which corresponded 
to a Charpy absorbed energy of 13.5 Joules (10 ft-lbs) and a lateral 
expansion of 0.25 mm (10 mils). The 9018-B3 weld metal failed at 
-40°C (-40°F) which corresponded to a Charpy absorbed energy at 
13.5 Joules (10 ft-lbs) and a lateral expansion of 0.2 mm (8 mils). 
This comparison is tabulated in Table 7. 
The unwelded plate failed in the four point bend test at a 
temperature near the inflection of the Charpy curves while the 
welded plates failed at a temperature near that required to pro- 
duce lower shelf behavior. These results indicate that there is 
no fundamental correlation between the Charpy V-notch performance 
of a part of a weldment and the fracture response observed with the 
four point bending test. Since one test is static and the other is 
dynamic, a direct correlation was unlikely. However, the results 
of the weld metal tests suggest that there may be some empirical 
relationship between the two tests. Testing of many more fabri- 
cation conditions would be necessary to determine conclusively if 
such an empirical correlation does exist. 
Drop weight NDT tests were done on the A-543 Class 1 plate 
to determine what correlation might exist between the four point 
bend test and the drop weight NDT. The NDT temperature was found 
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to be -95°C (-139°F) for the A-543 Class 1 plate. This was 
within 5°C (9°F) of the temperature at which some plate fractures 
occurred in the four point bend tests, particularly the base plate 
failure of the welded specimens. It was 25°C (45°F) above the 
temperature of full failure in the unwelded plate. 
In as much as a fracture mechanics analysis of a surface 
crack in bending was available, these basic concepts were used to 
calculate a "K " value from the test data obtained from the four 
c 
point bend tests. The initial flaw size was determined from 
examination of the fracture surface. The Hardex-N bead had 
cracked prior to plate failure and the dimensions of the initial 
crack were readily available. Using the surface flow characteri- 
zation given by Shah and Kobayashi, a magnification factor was 
obtained.   Since the test record indicated that plastic yielding 
had occurred before failure, the exact stress on the surface of 
the plate was indeterminate.    However, reputable fracture 
mechanics practitioners have suggested that in such cases, an 
appropriate "K" value could be obtained by using the yield stress 
at the temperature of testing for calculations.   The yield 
strength for this material as a function of temperature had pre- 
viously been determined by Strunk, et. al, and Landerman, et. al., 
12 13 in a Welding Research Council sponsored project. ' 
The precrack in the four point bend test plate was 5 mm (0.20 in) 
deep and 19 mm (6.75 in) long, while the yield strength at -120°C 
(-184°F) was reported to be 715 MPa (104 Ksi). This combination 
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of stress and flaw size resulted in a fracture toughness value of 
88.3 MPa v4n (79.9 ksi /in") for the unwelded A-543 Class 1 plate 
tested with the four point bending test. 
Compact tension fracture toughness specimens 25 mm (1 in) 
thick were also prepared from the ASTM A-543 Class 1 plate and 
tested at the same temperature where fracture occurred in the 
four point bend test. Although the specimens were not thick 
enough to meet the requirements for a valid Kj~ test as pre- 
scribed in ASTM E-399, critical fracture toughness values were 
calculated for each temperature using linear elastic concepts, 
crack opening displacement concepts and "J" integral concepts. 
The load versus crack opening displacement record for the 
compact tension tests was not linear in any section making a 5% 
offset calculation impossible. Consequently, maximum load and 
crack opening displacement were used to calculate the fracture 
toughness resulting in unrealistically large values. For in- 
stance, at -120°C (-184°F) KQ was found to be 191 MPa M 
(173 ksi /Tn"), Kj to be 396 MPa /m (358 ksi /Tn") and KCQD to be 
538 MPa v¥ (396 ksi in). A previous study done by Landerman and 
Yanichko of the fracture toughness of heavy section ASTM A-543 
Class 1 of a similar composition and strength reported fracture 
toughness values of 92.8 MPa /m (84.0 ksi /Tn for 152 mm (6 in) plate 
at -129°C (-200°F).   This is the same range as the value of 
88.3 MPa v^m (79.9 ksi/irT) which was calculated from the four point 
bend test suggesting that the application of a fracture mechanics 
37 
analysis to the four point bend test is valid and does compare 
with standard fracture toughness tests. 
Ring Post and Four Point Bend Tests 
Two series of tests were prepared in which unwelded plates 
25 mm (1 in) thick were tested using the four point bend test, 
the ring post test, Charpy V-notch tests, and drop weight NDT 
tests. The purpose of this combination of tests was to first 
determine the performance characteristics of the ring post test 
and second, to establish more conclusively, what correlations 
existed between the four tests conducted. Since the ring post 
test would allow fracture to propagate eigher parallel or trans- 
verse to the rolling direction, four point bend, Charpy impact 
and drop weight tests were run with both longitudinal and trans- 
verse orientations. 
A-517E Test Results 
The first material tested was ASTM A-517-E, a quenched 
and tempered high strength, low-alloy steel. The results of the 
four point bend tests are summarized in Table 8, the ring post 
test results in Table 9, and the Charpy impact test results are 
shown in Figures 62 through 67. Fracture Load and Deflection vs. 
Temperature Curves for the four point bend test are shown in 
Figure 68. The nil ductility transition temperature was found to 
be -45°C (-49°F) for the transverse orientation and -55°C (-67°F) 
for the longitudinal orientation. Full plate fracture occurred in 
38 
the same temperature range with the four point bend and ring post 
tests, -50°C (-58°F). 
Two specimens were tested using the ring post configuration 
at -40°C (-40°F). In each case, the starter bead cracks popped 
into the plate but were arrested approximately 38 mm (1.5 in) 
from the edge of the Hardex-N pad. Four plates were tested at 
-50°C (-58°F), which was the apparent transition temperature for 
this plate in this test. One plate had a pop-in which arrested 
about 38 mm (1.5 in) away from the plate edge, two plates had 
cracks which ran to one plate edge but not the other, and one 
plate broke in two pieces. Three plates were tested at -65°C 
(-84°F), one of which fractured into three pieces and two of 
which fractured into two pieces. No plates were tested at tempera- 
tures lower than -65°C (-84°F) in the ASTM A-517E series.  The 
ring post test plates failed parallel to the rolling direction 
at -50°F (-58°F) while at -65°C (-84°F) failure occurred both 
parallel and transverse to the rolling direction. An examination 
of the Charpy data indicates that at -50°C (-58°F) the transverse 
orientation had a lower absorbed energy and less lateral expansion 
than the longdtudinal specimens, but at -65°C (-84°F) both orien- 
tations exhibited essentially identical lower shelf behavior. The 
transverse drop weight specimens also failed at a higher temperature 
than the longitudinal specimens. A comparison of the ring post, 
four point bend, Charpy impact, and drop weight tests is given in 
Tables 10 and 11 along with the results obtained from a similar test 
series run using ASTM A-537 Class 1. 
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ASTM A-537 Class 1 Test Results 
The second material studied using this series of tests was 
ASTM A-537 Class 1, a normalized, medium strength, carbon-manganese 
alloy steel. The results of the four point bend tests are summarized 
in Table 12, the ring post test results in Table 13, and the Charpy 
impact test results are detailed in Figures 69 through 74. The nil 
ductility transition temperature was found to be -35°C (-31°F) for 
the transverse orientation and -35°C (-31°F) for the longitudinal 
orientation. Plates tested at -40°C (-40°F) and -50°C (-58°F) 
using the ring post test did not fail or have a crack pop-in past 
the crack starter pad. Two plates tested at -65°C (-84°F) both 
failed completely, breaking in two pieces. One plate failed 
parallel to the rolling direction and the other failed transverse 
to the rolling direction. Plates tested at -75°C (-103°F) and 
-85°C (-121°F) both broke in two pieces with the crack running 
transverse to the rolling direction. At -95°C (-139°F) the plate 
broke into three pieces and at -105°C (-157°F) the plate broke 
into 4 pieces. Full plate fracture was observed at -50°C (-58°F) 
in the four point bend test with both longitudinal and transverse 
orientations. A plot of load and displacement versus temperature 
for the four point bend tests and the ring post tests are given 
in Figures 75 and 76 respectively. Examination of the Charpy data 
revealed that the longitudinal and transverse specimens exhibited 
essentially identical behavior at -50°C (-58°F) and below. The 
lower shelf was not fully established at -50°C (-58°F) but at 
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-65°C (-84°F), lower shelf behavior was recorded with both 
orientations. Also, the NDT temperature for the longitudinal and 
transverse specimens was identical. A comparison of this test data 
is given in Table 13. 
Discussion 
The ring post test was found to be sensitive to variations 
in toughness in a slightly anisotropic ASTM A-517-E plate. Fracture 
occurred in the direction having the lowest toughness, however, at 
a temperature where there was no variation in toughness with orien- 
tation, fracture occurred in both directions. When an ASTM A-537 
Grade B plate, which did exhibit isotropic toughness properties, was 
tested, fracture occurred within the high strain corridors, both 
parallel and transverse to the rolling direction. In all case, 
fracture occurred at or near a temperature that was required to 
produce lower shelf behavior in the Charpy V-notch impact test. Also, 
fracture always occurred at a temperature slightly lower than the 
drop weight NDT temperature. The record of load versus cross head 
deflection for ASTM A-517E ring post specimens tested at -65°C 
(-84°F) indicated that a significant amount of plastic strain was 
developed prior to failure, however, the corresponding plot from 
the four point bend test showed essentially linear behavior. This 
suggests that the four point bend test is more adaptable to a 
fracture mechanics analysis. If no yielding occurred in the 
specimen, a rigorous linear elastic fracture mechanics analysis 
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could be done on the fractured specimen since the exact stress at 
failure and the initial flaw size would be known. The load- 
deflection plot recorded for the A-537 plates showed extensive 
plasticity in both the ring post and four point bend test, even 
at -95°C (-319°F). The room temperature ratio of yield strength 
to tensile strength was 0.94 for ASTM A-517-E and 0.66 for ASTM 
A-537 Class 1 and at lower temperatures their rates would begin 
to approach unity. However, at the testing temperature used, 
the ASTM A-517-E apparently did approach unity while the ASTM 
A-537 Class 1 did not, as a significant amount of yielding 
occurred in the ASTM A-537 Class 1 even at -95°C (-139°F). 
Application 
The four point bend and ring post tests each had advantages 
and limitations which became evident during the testing. The most 
obvious was the difference in size. The four point bend specimen 
was one half of the ring post specimen making it easier and less 
expensive to machine, weld, and handle. The four strain corridors 
produced in the ring post test made it uniquely suited to testing 
a composite weldment involving two different materials. In so much 
as the strain corridors were sufficiently wide, fracture could occur 
in either base material, parallel or transverse to the rolling direc- 
tion , in the weld metal, or in the heat affected zone of either 
material. Failure in the four point bend specimen could occur only 
parallel to the fabrication weld, limiting each test plate to evalu- 
ation of one material with two orientations or two different materials 
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with one orientation evaluated for each material used. 
The four point bend test or the ring post test could be used 
to obtain relevant data for optimization of welding procedures. 
The use of a testing procedure which could identify the most 
failure prone element of a welded joint as well as determine the 
transition temperature of that element would allow changes to be 
made in the welding procedure until a satisfactory level of perform- 
ance was attained. The need for preheat and post weld heat treatment 
as well as the necessity of limitations on heat input and interpass 
temperature could be determined on a rational basis using one of 
these tests. The alloy content required in the filler metal used 
with a particular base metal combination could be tailored to meet 
the toughness requirements imposed and minimize the cost of welding 
consumables. 
The four point bend test or the ring post test results provide 
the designer with transition temperature and fracture toughness data. 
These tests provide information on the ability of a welded joint at a 
given temperature to tolerate a known size crack at stresses up to 
the point of yielding. Also available is documentation on the 
capacity of a welded joint, at a given temperature, to arrest a 
running crack. Operation limitations for a welded structure or 
vessel could be determined based on the information obtained from 
either of these tests. 
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SUMMARY 
The results of this study into the development of a fracture 
toughness weldability test can be summarized as follows: 
1. There are two viable tests from this study. 
2. The four point loaded bend test and the ring post test 
configurations both produced a biaxial strain pattern 
when deformed which was uniform over sufficiently large 
area to allow fracture to Seek out and propagate in the 
zone having the lowest toughness. 
3. The four point loaded bend test and the ring post test 
do fail first in the area having the lowest toughness if 
the gradient in tensile properties across the test plate 
is not great. 
4. Weldments having a large gradient in tensile properties, 
i.e., a low yield strength plate welded with overmatched 
weld metal, fail by excessive yielding accompanied by 
subsequent fracture in the low strength material. 
5. Full plate failures occurred at temperatures near or 
below the drop weight NDT temperature, but not above. 
6. Full plate failure tended to occur at a temperature near 
that required to produce lower shelf behavior in the 
Charpy V-notch impact test. 
44 
7. The results of the four point loaded bend tests are 
interpretable in terms of fracture mechanics concepts 
and may be used to determine the approximate fracture 
toughness of the least tough zone of a weldment. 
8. These results suggest additional work should be done 
to demonstrate the ability of the four point bend and 
ring post tests to seek out the lowest toughness zone 
of a weldment. Testing of several more steel com- 
positions welded with various welding procedures would 
confirm the sensitivity of these tests to variations 
in toughness and demonstrate if one configuration 
were superior to the other. 
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Welding Sequence On Plate 
I 
3.2 mm (.125") 25.4 mm 
d") 
i 
PREHEAT - 21°C (70°F) Minimum 
ELECTRODES - 4.7 mm (3/16 in) Diameter 
AMPS - 200 
VOLTS - 21 
INTERPASS TEMPERATURE - 50°C (120°F) Maximum 
TRAVEL SPEED: 
PASS SPE :ED HEAT INPUT 
CM/MIN (IN/MIN) J/CM (J/IN) 
1,2 20.3 (8.0) 11,800 (30,000) 
3,4 19.0 (7.5) 12,600 (32,000) 
5,6,7,8 17.8 (7.0) 13,500 (34,300) 
,10,11,12 16.5 (6.5) 14,500 (37,000) 
NOTES: 
Runoff Tabs Used On Both Ends 
FIGURE 53 WELDING PROCEDURE FOR TEST PLATES 
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FIGURE 54 HARDNESS VARIATION 
Across 51 mm (2 in) Diameter 
Hardex-N Pad 
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FIGURE 68 ASTM A-517E FOUR POINT BEND TEST RESULTS 
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FIGURE 75 ASTM A-537 CLASS 1 - FOUR POINT BEND TEST RESULTS 
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